Reinforced concrete (RC) 
INTRODUCTION
Tall building construction is common in metropolitan areas and it has become increasingly important to provide methods of construction that improve both seismic performance and constructibility. Core walls, with coupling beams above openings to accommodate doorways, are an efficient lateral-force-resisting system for tall buildings. When subjected to strong shaking, the coupling beams act as fuses and typically undergo large inelastic rotations.
Nonlinear modeling of coupling beams has received increased attention as the use of performance-based design for tall core wall buildings has become more common. 1 Modeling parameters for diagonally reinforced coupling beams were introduced into Table 6-18 of FEMA 356   2 ; given limited test data, only one row of modeling parameters is provided. No changes were incorporated when the FEMA 356 pre-standard was reformatted into the ASCE 41-06 standard. Although ASCE 41-06 focuses on rehabilitation, the modeling parameters associated with well-detailed components are commonly used for design of new buildings. For coupling beams, important modeling parameters include effective bending stiffness E c I eff , allowable plastic rotation prior to significant lateral strength degradation, and residual strength. The concrete provisions in ASCE 41-06 were updated in Supplement 1. 3 The effective bending stiffness for beams in Table 6 -4 was reduced from 0.5E c I g to 0.3E c I g , primarily based on a review of concrete column test data at low axial loads, to account for the added flexibility due to reinforcement slip/extension; however, modeling parameters in Table 6 -18 for reinforced concrete (RC) coupling beams are unchanged. The value used for coupling beam bending stiffness has a significant impact on the degree of coupling, 4 and the appropriateness of the lower bending stiffness value for coupling beams has not been reviewed. Verifying that the relatively simple modeling approaches commonly used in commercially available computer programs adequately capture coupling beam loaddeformation responses, as well as recommending parameters associated with unloading/reloading and pinching behavior, are important issues that have not been adequately investigated. The test results presented in the companion paper, as well as test data reported in the literature, provide the information needed to assess these important topics.
RESEARCH SIGNIFICANCE
Modeling studies of 1/2-scale test specimens, along with analytical studies, are used to assess whether common nonlinear modeling approaches used are capable of capturing the load-deformation responses of coupling beams. Specific attention is paid to the selection of modeling parameters to produce the best correlation between test and model results. The research provides vital information to fill critical knowledge gaps related to selection of effective elastic stiffness, plastic rotation capacity, residual strength, and the impact of the test scale on these modeling parameters. Findings indicate that the effective bending stiffness at yield is lower than commonly used and modeling approaches used by practicing engineers reasonably capture the measured loaddeformation responses.
MODELING PARAMETERS
In the following sections, modeling parameters for coupling beams are systematically studied using the test results presented in the companion paper.
Effective stiffness
Elastic analysis approaches require estimation of the effective elastic bending and shear stiffness values. In FEMA 356, stiffness values of 0.5E c I g and 0.4E c A cw are recommended for bending and shear, respectively. ASCE 41-06, including Supplement 1, incorporates a lower value for effective stiffness of 0.3E c I g , with a mean value obtained from column tests at low axial stress of 0.2E c I g . 5 The New Zealand Code (NZS-3101 1995) 6 includes an equation to estimate the effective bending stiffness that depends on the expected ductility demand as
where A, B, and C vary with ductility (A = 1.0 and 0.40; B = 1.7 and 1.7; C = 1.3 and 2.7; for ductility = 1.25 and 6.0). For beams with aspect ratio l n /h = 2.4, Eq. (1) yields a beam with effective elastic stiffness close to 0.5E c I g , whereas for a ductility ratio of 6, the effective (secant) stiffness drops to 0.18E c I g . Figure 1 plots the secant stiffness normalized with respect to the concrete gross section stiffness versus the chord rotation for test results presented in the companion paper. [7] [8] [9] Secant stiffness is calculated from the test results assuming fixed end conditions according to
The initial stiffness of each residential beam is approximately 0.25E c I g , with an effective stiffness at the yield rotation (approximately 1.0% rotation) of 0.12E c I g . The effective stiffness ratio (I eff /I g ) does not vary significantly for the three different configurations (Fig. 1 )-that is, beams without slab (CB24F), beam with RC slab (CB24F-RC), and beams with PT slab (CB24F-PT). The initial stiffness ratio for the beams with slabs is moderately higher (approximately 25%) for rotations up to approximately 2%; however, after significant flexural cracks form at the slab-wall interface, generally at approximately 3% rotation, the stiffness ratio is nearly the same for all three beam test configurations. The low stiffness ratios (I eff /I g ) observed for the tests relative to recommended values (Table 1 ) require additional study, as the effective bending stiffness at yield for the tests are close to the value recommended in NZS 3101:1995 6 for ductility of 6. Photos of damage, [7] [8] [9] for the beams without slabs and for the beams with slabs, do not show significant concrete spalling, and diagonal crack widths along the beam are limited to 1/32 in. (0.8 mm) even at 6% total rotation; damage is concentrated at the beam-wall interface in the form of reinforcement slip/extension cracks. The photos also indicate that the quantity of beam transverse reinforcement is sufficient to keep crack widths small for peak shear stresses as large as 10.5 to 13.8√f c ′ psi (0.88 to 1.55√f c ′ MPa). The larger diagonal crack widths observed for CB24F-1/2-PT, with only one-half the quantity of transverse reinforcement used in CB24F, CB24F-RC, and CB24F-PT, indicate that the quantity of transverse reinforcement required by ACI 318-08 could likely be reduced moderately without compromising deformation capacity. Current modeling of the load-deformation response of coupling beams tends to focus on shear behavior 10 ; however, for the 2.4 and 3.33 aspect ratio beams tested, flexural and reinforcement slip/extension deformations at and adjacent to the beamwall interface generally accounted for more than 85% of the total rotation.
It is important to note that beam axial deformations were not restrained in the tests, whereas redistribution of shear between walls might lead to axial compression in coupling beams. 11 This was not considered in the tests. However, two specimens, CB24F-PT and CB24F-1/2-PT, were constructed with 150 psi (1.03 MPa) post-tensioned strands as a means to provide some restraint on axial growth. The impact of this axial restraint on the effective stiffness is evident in Fig. 1 , which shows a moderate increase in stiffness (approximately 0.15E c I g versus 0.12E c I g at yield). Bower 12 investigated the effect of axial restraint on stiffness and ductility of diagonally reinforced coupling beams using finite element analysis; results indicate that initial, precracked stiffness can as much as double, but that the impact after cracking on the system response is minimal.
Of the various approaches used to estimate the effective stiffness at yield-that is, FEMA 356 (0.5E c I g ), ASCE 41-06 (0.3E c I g ), and NZS 3101:1995 for low ductility (0.5E c I g ), only ASCE 41-06 (2007) addresses the impact of slip/ extension on the effective stiffness at yield. (It is noted that median effective stiffness reported by Elwood et al. 5 is actually 0.2E c I g at low axial load. The value of 0.3E c I g is used as a compromise to address issues associated with deformation compatibility checks for gravity columns.)
The contribution of reinforcement slip/extension to the yield rotation is estimated for the beams tested using the approach recommended by Alsiwat and Saatcioglu, 13 where the crack width that develops at the beam-wall interface depends on bar slip and bar extension (integration of strain along the embedment). Using a coupling beam effective stiffness derived from a moment-curvature analysis of the beam cross section at the beam-wall interface (approximately 0.5E c I g ) and the slip/extension model noted previously, the effective stiffness at yield reduces to 0.12E c I g , which is consistent with the effective stiffness at yield (approximately 1.0% for all beams) derived for the tests (Fig. 1) . Additional details of the slip/extension calculations are summarized in the next section. Table 1 provides a summary of the effective stiffness and yield rotation for each of the different models discussed previously. Based on these results, use of the model detailed in ASCE 41-06 Supplement 1 is recommended-that is, use a moment-curvature analysis to define the secant stiffness at the yield point and include a slip/extension spring. Alternatively, as noted in ASCE 41-06 (2007), the effective bending stiffness can be defined to provide an equivalent stiffness that combines both curvature and slip deformations (~0.12E c I g for the test beams).
Reinforcement slip/extension calculations
As stated in the previous section, slip and extension of the flexural reinforcement contributes significantly (40 to 50%) to beam deformations Preliminary calculations
In these calculations, u e represents the elastic bond stress, L e represents the elastic region length, u u represents the peak bond stress, and d s1 represents the local slip at the peak bond stress.
Calculations for f s = f y
In these calculations, d s represents the slip of the reinforcement, d ext represents the extension of the bar due to accumulation of strain along its length, d tot represents the total displacement of the bar at the beam-wall interface, θ @dtot represents the angle of the crack that opens at the beam-wall interface due to the slip/extension of the bar, and K represents the stiffness of the corresponding moment-rotation hinge that can be implemented in a structural model.
In addition, the slip/extension model can be used to modify post-yield behavior. In this case, slip is considered negligible. Calculations for e s = e u 5.5 0.07
[mm] 4
In these calculations, u f represents the frictional bond stress, S L and H L are the spacing and height of the lugs on the reinforcement, respectively, and L py is the post-yield length. The end result is the rotation at the beam-wall interface due to slip/extension of the reinforcement.
Effect of scale
As previously stated, the tests were conducted at 1/2-scale; therefore, it is important to understand the potential impact of scale on the effective yield stiffness as well as the overall load-deformation behavior. The relative contribution of flexural deformations (curvature) and slip/extension to yield rotation of the test beams at full scale (that is, prototype beams) is assessed using the same approach as noted in the previous section for the 1/2-scale beams. The study is extended to consider coupling beam aspect ratios beyond those tested, by varying the beam length. Results are reported in Fig. 2 , where the effective yield rotation due to slip/extension is plotted against beam aspect ratio (l n /h) for various scale factors.
For a given scale factor, variation of the aspect ratio has only a modest impact on the slip/extension rotation, producing roughly a 15 to 20% increase as the aspect ratio increases from 1.0 to 3.0. However, for a given aspect ratio, slip/extension rotation at yield is significantly impacted by scale, with a 35 to 40% reduction for beams at one-half versus full scale. The effective bending stiffness at yield for the 1/2-scale tests of 0.12E c I g increases to 0.14E c I g for the full-scale prototypes due to the reduction in the relative contribution of slip rotation. Based on these results, use of an effective yield stiffness value of 0.15E c I g for full-scale coupling beams, due to stiffness provided by the slab, is recommended (l n /h = 2.4). Further details of these calculations are provided by Naish et al. 7, 9 Load-deformation backbone relations
In this section, backbone relations are derived both from test results (Fig. 3 ) and using ASCE 41 (Fig. 4) to provide a simple yet accurate method for estimating the overall loaddeformation behavior of coupling beams. Linearized backbone relations for normalized shear strength versus rotation are plotted in Fig. 4 as dotted lines for the three configurations of beams tested-that is, beams with no slab (CB24F, CB24D, CB33F, CB33D), beam with RC slab (CB24F-RC), and beams with PT slab (CB24F-PT and CB24F-1/2-PT). These backbone relations are determined as shown in Fig. 3 , which plots the peaks of the load-deformation curves for CB24F and CB24D. The smooth backbone relations are determined using V ave , defined as the average shear force resisted by the beam between the yield point and the onset of significant lateral strength degradation, with an elastic (secant) stiffness defined at 2/3 of V ave /V n ; refer to Naish 9 for additional details. The backbone relations that are modified to represent full-scale beams, as discussed in the prior subsection, also are plotted in Fig. 4 . For configurations with multiple tests, an average relation is plotted. The results for all seven tests are very consistent, with a yield rotation of approximately 1.0%, initiation of shear strength degradation at 8.0% rotation, and the residual shear strength reached at 12.0% rotation. Backbone relations modified to represent full-scale beams indicate that the total rotations at yield, strength degradation, and residual strength are reduced to 0.70%, 6.0%, and 9.0%, respectively (from 1.0%, 8.0%, and 12.0%). The impact of slab on shear strength also is apparent in Fig. 4 , with the ratios of V ave /V n being approximately 1.1 (no slab), 1.3 (RC slab), and 1.4 (PT slab).
ASCE 41-06 with Supplement 1 modeling parameters also are plotted on Fig. 4 and indicate that the test beams are more flexible at yield and that they attain substantially higher deformation capacity prior to lateral strength degradation than the ASCE 41-06 backbone relation. The elastic stiffness of the ASCE 41 (including Supplement 1) relation is based on a bending stiffness of 0.3E c I g , or approximately double that derived for full-scale beams from the test data. The plastic rotation capacity given by ASCE 41-06, Table 6 -18 is limited to 3%, whereas the backbone relations for the full-scale beams derived from the test data yield at approximately 0.7% rotation and reach 6.0% rotation prior to significant strength degradation, or a plastic rotation of 5.3%. Therefore, relative to ASCE 41-06, the relations derived for the full-scale beams have a lower effective yield stiffness (0.15E c I g /0.3E c I g = 0.50) and substantially greater deformation capacity (5.3%/3.0% = 1.77). The tests also reveal that a residual strength equal to 0.3V n can be maintained to very large rotations (10 to 12%) compared to the ASCE 41-06 residual strength ratio of 0.8 at a plastic rotation value of 5.0%. Therefore, it is reasonable to use a plastic rotation value of 5.0% with no strength degradation, with moderate residual strength (0.3V n ) up to a plastic rotation of 7.0%. It is noted that the ASCE 41-06 relation applies to all diagonally reinforced coupling beams, including beams with aspect ratios significantly less than the values of 2.4 and 3.33 investigated in this test program. Results presented in as well as to beams between these ratios. Also, it is reasonable to assume these values can be extrapolated modestly to apply to beams with 2.0 ≤ l n /h ≤ 4.0. Ratios less than 2.0 are addressed later.
APPLICATION TO COMPUTER MODELING
Based on the backbone and effective stiffness relations discussed previously, nonlinear modeling approaches commonly used by practicing engineers were investigated to assess how well they were able to represent the measured test results. Two models were considered: one using a rotational spring at the ends of the beam to account for both nonlinear flexural and shear deformations (M n hinge), and one using a nonlinear shear-displacement spring at beam midspan to account for both flexural and shear deformations (V n hinge) (Fig. 5 ). In addition, both of the models incorporate elastic slip/extension springs to account for softening due to slip/ extension deformations at the beam-wall interface. Both models were subjected to the same loading protocol used in the tests. [7] [8] [9] In this study, CSI Perform 3D was used (CSI 2006). Naish 7 provides detailed information on modeling parameters used to generate results for Fig. 6 to 10.
Diagonally reinforced coupling beams (2.0 < l n /h < 4.0)
The M n hinge model consists of an elastic beam cross section with E c I eff = 0.5E c I g , elastic-rotation springs (hinges) at each beam end to simulate the effects of reinforcement slip/extension deformations, and rigid plastic rotational springs (hinges) at each beam end to simulate the effects of nonlinear deformations. The stiffness of the slip/extension hinges are defined using the Alsiwat and Saatcioglu 13 model discussed previously, whereas the plastic rotations of the nonlinear flexural hinges are modeled using the backbone relations derived from test results (Fig. 4 , excluding the elastic deformation), and shear strength is defined using ACI 318-08, Eq. (21-9). The V n hinge model also consists of an elastic beam cross section and slip/extension hinges; however, instead of using flexural hinges at the beam ends, a shear-force-versus-displacement hinge (spring) is used at beam midspan to simulate the effects of nonlinear deformations. The shear hinge properties are defined using the backbone relations derived from the test results (Fig. 4) . Figure 6 shows cyclic load-deformation plots for the two models and the test results for CB24F. Both models accurately capture the overall load-displacement response of the member; however, the M n hinge model (Fig. 6(a) ) captures the unloading characteristics better than the V n hinge model (Fig. 6(b) ), due to the fact that unloading stiffness modeling parameters, which help to adjust the slope of the unloading curve, are available for the flexural hinges in the commercial computer program used, but not for the shear hinges (refer to Naish et al. 6 for a complete description of the modeling parameters and assigned values). As noted in the companion paper (Part I), for the beam test aspect ratios (2.4 and 3.33), flexural and slip/extension deformations account for approximately 80 to 85% of total deformation, whereas shear deformations generally account for only 15 to 20% of total deformation. Therefore, in both models, the flexural and shear hinges are used to represent overall (combined) deformations-that is, shear deformations are not considered. Therefore, depending on the computer program used, similar modeling studies should be conducted to calibrate available model parameters with test results prior to modeling complete buildings.
Beams at aspect ratio l n /h ≥ 3.0 exhibit predominately flexural behavior; therefore, only the M n hinge model is presented for this case. The properties of the slip/extension hinge, plastic moment-rotation hinge, and elastic concrete cross section are determined in the same way as for the 2.4 aspect ratio beam, but for the CB33F cross section. As was observed for residential beams CB33F or CB33D, the M n hinge provides a good approximation of the overall loaddeformation response of the member when compared with test results (Fig. 7) .
Based on the analysis and test results, the main impact of the slab on the behavior of the coupling beams is an increase in beam strength of approximately 20%. As noted previously, this increase in beam strength is consistent with the sectional analysis of the beam at the beam-wall interface considering the impact of the slab on the positive and In the testing program, in addition to the diagonally reinforced coupling beams tested, one conventionally reinforced beam also was tested. Results of modeling studies were compared with test results for FB33 as well as with results from previous tests on similar beams. The model is composed similarly to the M n -hinge model for Beams CB33F and CB33D, with changes made only to the shear strength (different cross section), plastic rotation capacity (different slip/extension parameters), and the energy dissipation factors (straight bars instead of diagonal bars). The load-deformation response of the model is plotted against test results for FB33 in Fig. 9 , revealing good correspondence with test results, specifically in the slope of the loading and unloading curves, and in the pronounced pinching of the cyclic load-deformation plot. The commercial computer program used allowed the shape of the load-deformation loops to be manipulated through specifying energy dissipation parameters to simulate the pinching of the load-deformation plots of the test beams. A model also is constructed for a test beam of similar geometry, aspect ratio l n /h = 4.0 (Fig. 10) , tested by Xiao et al. 14 The model accurately captures the elastic behavior of the beam, and follows very closely the unloading characteristics in the nonlinear range. For beams with an aspect ratio greater than 3.0, placement of diagonal reinforcement can become difficult, and the potential increase in deformation and energy dissipation capacity associated with the use of diagonal reinforcement as opposed to longitudinal reinforcement may not be justified. Thus, for beams with low shearstress demands (≤5√f c ′ psi [0.42√f c ′ MPa]), use of longitudinal reinforcement may be appropriate as long as modeling parameters that account for the lower deformation capacity at strength degradation and reduced energy dissipation capacity (more pinching), compared to diagonally reinforced coupling beams, are used. Lower aspect ratios (1.0 < l n /h < 2.0) Thus far, the modeling studies have focused on beams with aspect ratios between approximately 2.0 and 4.0 because the tests were conducted on beams within this range (2.4 and 3.33) and because these beams make up the majority of coupling beam geometries in current tall building construction. Further analyses of these data are beyond the scope of the work presented herein; results of analytical studies for coupling beams with aspect ratios between 1.0 and 4.0 are presented by Naish.
9 Data are used in the next section to reassess modeling parameters and acceptance criteria for low-aspect-ratio (1.0 < l n /h < 2.0) coupling beams.
FRAGILITY RELATIONS
Fragility curves were developed for both diagonally and conventionally RC coupling beams for beam aspect ratios l n /h between 1.0 and 4.0 using available test results. The objectives of this effort were to provide information needed for performance-based earthquake engineering of tall buildings 15 and to update ASCE 41-06 3 modeling parameters and acceptance criteria. Given the lack of data, it was not possible to create various bins to address design parameters such as variations in transverse steel reinforcement ratio, maximum shear stress, and aspect ratio. Available test data were collected and organized first simply by aspect ratio; the potential to sort data by maximum shear stress was considered, but not implemented.
Data sources and approach
As noted by Naish, 9 a majority of coupling beam tests have been performed at low aspect ratios (l n /h < 2.0), with detailing that did not conform to modern codes (ACI 318-99 and later versions). Therefore, the first set of fragility relations were developed for beams with relatively higher aspect ratios (2.0 < l n /h < 4.0) on diagonally reinforced coupling beams. Even within this range of aspect ratios, there are relatively few tests of diagonally reinforced beams besides the ones reported in this study. The only relevant study identified was conducted at the University of Cincinnati by Fortney. 16 Two sets of fragility relations were developed for conventionally reinforced coupling beams: one for higher aspect ratios (3.0 < l n /h < 4.0) and one for lower aspect ratios (1.0 < l n /h < 2.0). Test data were taken from results reported in the literature. 7, 14, [17] [18] [19] [20] The final set of fragility curves was developed for diagonally reinforced coupling beams at low aspect ratios (1.0 < l n /h < 2.0). Test data were taken from test results reported in the literature. [17] [18] [19] 21 Four damage states were defined (Table 2 ): 1) yielding; 2) DS1-minor damage; 3) DS2-major damage I; and 4) DS3-major damage II. These damage states were determined for each test specimen based on investigation of load-deformation relations as well as photographs and descriptions of damage provided in the papers/reports by authors.
Fragility curves are defined herein as cumulative density functions plotted against beam chord rotation (θ), defined as the relative displacement (D) normalized by beam span (l n ). The data were fit with lognormal distributions, which are commonly used and found to fit the data reasonably well. The parameters θ m and s.d. are defined as the mean rotation of the distribution and logarithmic standard deviation for a given damage level, respectively. The results for all studies are provided in Table 3 and plots of the relations against test data are shown in Fig. 11 .
Modeling parameters and acceptance criteria
As stated previously, DS3 represents substantial damage and member strength loss; therefore, DS3 is analogous to the collapse prevention (CP) limit state in ASCE 41.
3 Table 4 provides a comparison of the rotation values for CP and the mean rotation values for DS3. The CP values for conventionally reinforced coupling beams are organized based on shear demand and conforming transverse reinforcement. However, the CP values for diagonally reinforced beams are independent of aspect ratio, shear stress, or transverse reinforcement. In addition, there is a significant difference between the CP and DS3 values, most notably for the diagonally reinforced beams. This indicates the potential to provide more rows of values for the diagonally reinforced beams. Values for conventionally reinforced beams are fairly thorough, with distinctions made based on shear demand and conforming reinforcement. Based on the results, possible modifications to the modeling parameters for Table 5 . These values are based on the median values of the fragility curves, consistent with current ASCE 41-06 3 values. 5 The rotation values are plastic deformation values-that is, neglecting elastic deformations. 2. While flexural and shear-deformation contributions are equivalent regardless of the specimen scale, deformations due to slip and extension of the flexural reinforcement at the beam-wall interface must be modified to account for the scale of the given specimen. Thus, the behavior of beam specimens tested at less than full scale must be modified to account for the scale at which the test was conducted.
CONCLUSIONS
3. Simple nonlinear models, either moment-hinge or shearhinge, accurately represent the load-deformation behavior of test beams. The flexural hinge model better matches the test results in the unloading and reloading range, due to the specific modeling parameters available in the computer software used (unloading stiffness modeling parameters), although both models produce acceptable results up to 3% total rotation for beams with l n /h between 2.0 and 4.0. Therefore, depending on the computer program used, the influence of modeling parameters on the load-versus-deformation responses should be compared with test results to ensure that they adequately represent observed behavior.
4. Fragility relations were developed for diagonally reinforced and conventionally reinforced coupling beams using data from a spectrum of tests reported in the literature. The relations provide valuable information for use in performance-based design and to update modeling parameters and acceptance criteria in ASCE 41-06.
ACKNOWLEDGMENTS
The research has been funded by the Charles Pankow Foundation, with significant in-kind support provided by Webcor Concrete; this support is gratefully acknowledged. In addition, material contributions from Catalina Pacific Concrete, SureLock, and Hanson Pacific are appreciated. Thanks are extended to laboratory assistants J. Park, N. Lenahan, and C. Sanford, as well as UCLA laboratory technicians S. Keowen, A. Salamanca, S. Kang, and H. Kasper, for help in test preparation and completion. 
